Effects of the alloying element on processing of the environmental-friendly anodizing were investigated in various AZ series magnesium alloys. The phosphate solution was used mainly in the current process without the need for the deleterious materials such as heavy metals or fluoride. Also the characteristics of the formed coatings, such as their structure, composition, and corrosion resistance, were investigated. Anodized coatings became dense with increasing aluminum content of the alloy substrate. X-ray diffraction analysis revealed that the anodized coatings changed amorphous structure in the cases of the magnesium substrate containing aluminum concentration from 1 to 9 mass%. The anticorrosion performance of these coatings with an average thickness of 10 mm varied depending on the aluminum content, and it is concluded that the anticorrosion performance improved with increasing aluminum content except for the anodized AZ61 specimen.
Introduction
Recently, there has been rapid expansion in the use of magnesium alloys, predominantly in the transportation equipment sector, in particular due to the low environmental impact of these materials. For example, these alloys have exceptional recycling characteristics and are lightweight, yielding good energy efficiencies. At present, the AZ91D magnesium alloy for the primary forming methods by diecasting and thixomolding is widely used in various applications worldwide. However, the AZ31B magnesium alloy lends itself to press-forming, and applications of this material, for example for laptop computer frames, have been increasing rapidly in recent years. 1, 2) On the other hand, magnesium alloys have many problems associated with corrosion, because magnesium is electrochemically highly active. In particular, magnesium alloys containing low aluminum content, such as AZ31B, are more corrosive. 3) To overcome these problems related to corrosion, numerous studies have been carried out, particularly on surface treatment methods. [4] [5] [6] Conventional anodizing using HAE 7) and Dow17 8) treatments have been successfully utilized as protective coatings for magnesium alloys. These methods, however, require the use of environmentally harmful chemical agents, such as chromium oxide (VI) and fluorides, which have recently been restricted by RoHS as well as by current trends in reducing the environmental load. Another method of protection of magnesium alloys by environmental-friendly anodizing is performed using Anomag, 9, 10) wherein the electrolyte consists of phosphate and ammonium salts. Because of the simple electrolyte used in Anomag, its environmental load is much lighter compared to that of Dow17 and HAE. This anodizing is increasingly being used for the AZ91D magnesium alloys, especially in the field of transportation machinery. 11, 12) There are many aspects of film characteristics that are not well understood, such as corrosion resistance for various AZ series magnesium alloys.
The properties of anodic oxidation coatings on magnesium alloys are closely related to the alloy composition. In the present study, we have investigated the effects of alloying elements on the environmentally friendly Anomag anodizing process on various AZ series magnesium alloys. We have also investigated the characteristics of the anodic oxidation coatings, including their structure, composition, and corrosion resistance.
Experimental Procedure
Experiments were conducted using four kinds of AZ series magnesium alloy plates. The chemical compositions of these alloys are shown in Table 1 . The specimens were first subjected to a pretreatment by pickling and alkali cleaning. Electrolysis for the Anomag method was carried out using a commercial solution (Anomag CR1 and CR2, Henkel Japan Co., Ltd.) at 293 K according to instructions. The specimens were then subjected to constant current electrolysis anodizing. A SUS316L stainless steel sheet was used as the cathode. The film thickness was controlled by changing the final voltage. For comparison, a traditional method, Dow17 (250 g/L ammonium hydrogen fluoride, 100 g/L sodium dichromate, and 90 mL/L phosphoric acid), was also used to prepare the specimens.
The coatings obtained were evaluated for corrosion resistance using the standard salt spray test in accordance with JIS Z 2371. Field emission scanning electron microscopy observations of the surfaces and cross-sections were carried out. Chemical composition analysis was performed by electron probe microanalysis (EPMA) using a JEOL JXA- Chemical composition analysis was undergone in optional 10 points at the cross-sections of the coatings using the smallest analysis spot diameter, and the average value was made to be film composition. In addition, the structure of the coatings was determined by X-ray diffraction (XRD) using a Rigaku RINT-2500HT instrument, with radiation from a copper target.
Results and Discussion
3.1 Effect of aluminum content on coating structure Optical micrographs of the four different AZ series magnesium alloy specimens are shown in Fig. 1 for (a) AZ10, (b) AZ31B, (c) AZ61 and (d) AZ91D. Except for the AZ91D substrate, macroscopic observations indicated that all the specimens had a similar band structure that was derived from rolling, whereas in the microscopic observations, the shaft crystals were comparatively observed. AZ91D had a cast structure, including a dendritic structure and cavities, derived from die-casting.
Anodic electrolysis was then carried out for the specimens after pretreatment using the same conditions. When anodic electrolysis was started, a white oxidation film was immediately formed on each magnesium alloy substrate with the generation of oxygen. The voltage gradually increased since this oxidation film is not electrically conductive. A dielectric breakdown occurred when the voltage reached 250 V. Subsequently, the value of the current recovered again.
4) The film thickness increased with the rise in the voltage, and the final film thickness was decided by the final voltage setting. The dielectric breakdown starting voltage was found to increase with increasing aluminum content in the AZ series magnesium substrates.
The appearance of spark discharge at the AZ91D substrate under dielectric breakdown is shown in Fig. 2 . In spite of the difference in the aluminum content in each specimen, the visual appearance of spark discharge did not change. The coatings obtained had the same white color regardless of the coating thickness and the aluminum content in each substrate, and there was no discernable effect of the aluminum content on the appearance of the coatings. Figure 3 shows FE-SEM images of the surfaces of the specimens. The coatings, with an average thickness of 1 mm, had microscopic pores of 1 mm diameter or less. These pores expanded, as the coating thickness increased. The pores in the coating with an average thickness of 10 mm were about 5 mm in diameter. During anodic electrolysis, the sparks that were observed due to the dielectric breakdown led to the formation of these numerous microscopic pores in the coatings. The number of microscopic pores decreased slightly with increasing aluminum content in the various AZ series magnesium substrates, when the coating thickness was about 10 mm. Figure 4 shows FE-SEM images of the cross-sections of the specimens. Cross-sectional observations revealed that the circular pores that appeared on the surface had complicated shapes and not spherical or columnar shapes. The shapes of these pores were different depending upon the aluminum content in the substrate, and the anodized coatings became 
dense as the aluminum content increased in the AZ series magnesium substrates. It thus appears that the aluminum content in the anodized coatings influences the morphology. Ono 13) has suggested that anodic oxidation coatings obtained mainly by an NaOH electrolytic solutions become dense as the aluminum content increased in the coating, which agrees with the results obtained in the present study.
The chemical compositions of the anodized coatings with an average thickness of 10 mm obtained by EPMA analysis are shown in Table 2 . The variation of the value at the each analysis position was not so intense. Each of the anodized coatings was found to consist of Mg, Al, P, and O without the presence of deleterious species such as heavy metals or fluorides. The aluminum content in the anodized coatings increased with increasing aluminum content in the magnesium substrate, and each anodized coating component did not change significantly, with the exception of its aluminum content. Figure 5 shows the relationship between the aluminum content in the alloy substrate and the aluminum content in a coating. It was found that the aluminum content in the alloy substrate is proportional to the aluminum content in the corresponding coating. This suggests that the aluminum that dissolved from the magnesium alloy substrate by the electrochemical reaction formed the oxide or chemical compound during the anodic electrolysis, and most of these were picked up in the coating because the aluminum ion, aluminic acid ion, and aluminum compounds are not contained in the electrolytic solution. It appears that the aluminum compounds in the anodized coating contribute to the elaboration of these coatings. It is assumed that the elaboration of these coatings on the basis of the aluminum content in the anodized coatings is closely related to the solidification temperature of these coatings. 14) Figure 6 shows X-ray diffraction patterns of the various anodized substrates. In addition to the peaks from the magnesium substrates, broad peaks were observed near 25 degrees. These results show that the anodic oxidation coatings on various magnesium substrates with aluminum concentrations ranging from 1 to 9 mass% had an amorphous structure.
15) It appears that the origin of this structure of the coatings is the anodizing with the dielectric breakdown under a nonequilibrium state with melting and rapid solidification by the spark discharge, as shown in Fig. 2. Figure 7 shows the surface of each substrate without the anodizing treatment after a salt spray test (SST) of 86.4 ks. In the case of the magnesium alloy substrate with low aluminum content, such as AZ10 and AZ31B, corrosion products covered the whole surface and these were intensely corroded. On the other hand, the corrosion resistance improved with an increase in the aluminum content. Corrosion products from the AZ91D substrate were not observed on the surface. It is well known that the corrosion resistance of the AZ series magnesium alloys improves for aluminum content above 4 mass%, 3) which is in good agreement with the results of this study shown in Fig. 7 . Figure 8 shows the appearance of anodized coatings with an average thickness of 10 mm for each substrate after the salt spray test (SST) conducted for times of 0, 518.4, 1296 and 2160 ks. The anticorrosion performance of these coatings varied depending on the aluminum content, and except for the anodized AZ61 specimen, the anticorrosion performance improved with increasing aluminum content. This result appears to be inconsistent with that of the corrosion resistance before anodizing. For comparison, Figure 9 shows the appearance of the anodized coating with an average thickness of 30 mm for each substrate using the Dow17 method after a salt spray test lasting 1296 ks. The coating on the AZ91D magnesium alloy showed superior anticorrosion performance compared to the other magnesium alloys, and the corrosion in the anodized AZ61 specimen was the most intense. This result is similar to that of the Anomag anodizing process. At the present time, the reason for the mediocre anticorrosion performance of the anodized AZ61 magnesium alloy is still unknown. A detailed examination is required to elucidate the exact corrosion mechanism of the anodized AZ61 magnesium alloy. Table 3 shows the anticorrosion performance of the anodized coatings with an average thickness of 10 mm for each substrate in terms of the time taken to reach a rating number of 9 for the salt spray test. The coating on the AZ91D magnesium alloy retained anticorrosion performance for over 3600 ks and clearly showed superior anticorrosion performance in comparison with the other magnesium alloys. In previous research, 16) on the AZ91D magnesium alloy, when the anodized surface by this process was trenched with ceramic knife to form locally exposed substrate, corrosion was well suppressed by formation of new type of protective film. In addition, this coating showed the sacrificial function where the anodized layer dissolved quite slowly into the electrolyte prior to the substrate in anodic polarization curve. Such an anticorrosion performance is considered to be based on the formation of a new type of protective film as well as sacrificial function of the original amorphous anodized layer.
Corrosion resistance of anodized coatings
On the other hand, the coating on the AZ31B magnesium alloy retained anticorrosion performance for 846 ks, and the sacrificial protection of this was not recognized, because corrosion product was remarkably formed as shown in Fig. 8 . However, the anticorrosion performance of the AZ31B substrate treated with the commercial conversion treatment was under 84.6 ks, while the Anomag anodizing process showed a corrosion resistance of over ten times. These results demonstrate the advantage of the Anomag anodizing process for applications of the AZ31B magnesium alloy sheet for press forming. This process thus represents an important technology for expanding practical applications of magnesium alloys. Finally, as shown in Fig. 8 , the corrosion behavior between the AZ91D magnesium alloy and the alloys except for it was remarkably different. At the present time, the reason for the corrosion mechanism of the anodized AZ series magnesium alloys is still unknown, so that a detailed examination is required to elucidate the exact corrosion mechanism.
Conclusions
We have studied the effects of alloying elements on the Anomag anodizing process for various AZ series magnesium alloys. The anodized coatings became dense as the aluminum content increased in the various AZ series magnesium substrates, and had an amorphous structure. In the salt spray tests, the anticorrosive performance of these coatings, with an average thickness of 10 mm, changed depending on the aluminum content in the alloy substrate, and the anticorrosive performance improved with an increase in the aluminum content in the alloy substrate except for the anodized AZ61 specimen. The coating on the AZ91D magnesium alloy retained anticorrosive performance for over 3600 ks, however, in the case of the coating on the AZ31B magnesium alloy, corrosion occurred within 846 ks. Thus, the anticorrosion mechanism for the various AZ series magnesium alloys seems to differ depending on the aluminum content. 
